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The  sunﬂower  (Helianthus  annuus)  and  species  belonging  to  the  genus  Helianthus  are  emerging  as  a
model  species  and  genus  for  a number  of  studies  on  genome  evolution.  In  this review,  we  report  on  the
repetitive  component  of  the  H.  annuus  genome  at the  biochemical,  molecular,  cytological,  and  genomic
levels.  Recent  work on sunﬂower  genome  composition  is described,  with  emphasis  on  different  typeseywords:
enome composition
elianthus
TR-retrotransposons
epetitive DNA
of  repeat  sequences,  especially  LTR-retrotransposons,  of which  we report  on  isolation,  characterisation,
cytological  localisation,  transcription,  dynamics  of  proliferation,  and comparative  analyses  within  the
genus  Helianthus.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).unﬂower
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. Introduction
.1. The repetitive component of plant genomes
Eukaryotes show large variation in genome size, especially in
has resulted in the accumulation of many repeated sequences
(i.e., sequences that are identical or similar to sequences else-
where in the genome but whose copy number is much larger
than that possibly achieved through polyploidisation). Some
repeats are considered to be non-functional, whereas othersigher plants. Angiosperm genome size (1C) ranges from 63 Mbp
n Genlisea margaretae to 150 Gbp in Paris japonica [1,2]. Such differ-
nces arise from two main processes: polyploidy and ampliﬁcation
f transposons and related sequences. Transposon ampliﬁcation
∗ Corresponding author. Tel.: +39 0502216665; fax: +39 0502216661.
E-mail addresses: lucia.natali@unipi.it, lnatali@agr.unipi.it (L. Natali).
ttp://dx.doi.org/10.1016/j.cpb.2014.05.001
214-6628/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unhave played key roles in the evolution of species [3]. For exam-
ple, the mutagenic action of transposons provides substantial
increases in genetic variability [4]. Transposons also create novel
functions by ﬁne-tuning gene activity, resulting in phenotypic
variation [5,6]. Although changes in the repetitive component
have played major roles in the evolution of plant genomes,
large datasets of repetitive DNA are available for such mono-
cots as maize, rice, and barley, and a comprehensive analysis
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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f the repetitive component is still lacking in many genera of
icots.
Among dicotyledonous species, sunﬂowers (Helianthus spp.) are
merging as a model system for genomic research on adaptation
nd speciation [7,8]. Given the extensive characterisation of their
cology and genomes, sunﬂowers are very suitable for establishing
he occurrence of different types of repeats, their timing of ampliﬁ-
ation or reduction, and the role(s) of different repetitive sequences
n the maintenance of a unique genome. Exploring the diversity and
volutionary dynamics of transposable elements in the sunﬂower
H. annuus L.) is of considerable importance for understanding the
volutionary history of this species, given its large genome size
3500 Mbp) [9] and the well-documented cases of retrotransposon
mpliﬁcation within the genus [10,11].
.2. The Helianthus genus
The Asteraceae family is the largest plant family on Earth, with
ore than 24,000 described species, corresponding roughly to
0% of all angiosperms [12]. Asteraceae species live in a number
f different environments, including forests, grasslands, deserts,
etlands, mountain tops, salt marshes, lawns, and agricultural
elds [13]. They include economically important crops, wildﬂow-
rs, valuable medicinals, invasive plants, and rangeland weeds [14].
he most important crop is the cultivated sunﬂower (H. annuus L.),
hich ranked 14th in 2012 among the world’s food crops in terms
f area harvested (http://www.fao.org/).
Helianthus includes 49 species, which are widespread in the
ontinental United States [15], although other ecotypes are assum-
ng the status of the species [16]. These species differ in many
henotypic traits, including reproductive timing, branching pat-
erns, height [17,18], and especially habitat preferences. In some
ases, species coexist in the same environment, and interbreed-
ng between species is very common [19], despite large-scale
aryotypic differences [20,21] and high levels of pollen and seed
on-viability in the hybrids [22].
The described sunﬂower species, native to diverse environ-
ents throughout North America, include examples of allo- and
ig. 1. (a) First derivative curves of the melting proﬁle of sunﬂower genomic DNA. Sma
inetics of the same DNA (circles) and of DNA of E. coli (triangles). Horizontal lines separa
edrawn from [29].t Biology 1 (2014) 45–54
autopolyploids [23], ecologically isolated sympatric and allopatric
species [15], karyotypically divergent species [20,21,24], allopatric
species with weak barriers to gene ﬂow [15], and several homoploid
hybrids [25]. Such diversity of speciation mechanisms and barri-
ers to gene ﬂow make sunﬂower an ideal model for understanding
speciation and species divergence [26,27].
2. The Helianthus genome structure
Sunﬂower genomic DNA was ﬁrst studied by thermal dena-
turation and analysis of reassociation kinetics [28,29]. Fig. 1A
shows the melting proﬁle and the ﬁrst derivative curve of the DNA
extracted from roots of seedlings of a selfed sunﬂower line. The Tm
value indicates a GC content around 40%. Clear-cut shoulders were
observed both on the light and the heavy sides of the derivative
curves, indicating that minor speciﬁc DNA repeat families occur in
the genome [28,29].
Analysis of the reassociation curves (Fig. 1B) revealed that the
genome is organised into three main fractions according to their
redundancy. Highly repeated (HR) sequences account for 5% of the
genome, medium repeated (MR) sequences for around 60%, and
the so-called unique sequences comprise the remaining 35% of the
genome [28,29]. The same analyses, performed on different sun-
ﬂower genotypes, showed differences in the repetitive fractions
(either HR or MR), reﬂecting variations in the genome size [28,29].
Biochemical analyses did not consider DNA sequence but only
denaturation and reassociation kinetics of DNA. Therefore, the
sequence composition of the isolated fraction was  not studied.
Moreover, those analyses could not evaluate the occurrence in the
“unique” fraction of the genome of rare forms of repeats, such as
retrotransposon remnants, that were excluded from the repetitive
component.
The repetitive fraction of the sunﬂower genome was  charac-
terised at the molecular level using a Sanger-sequenced small insert
library [30]. That library provided a ﬁrst set of sequences (1638, for
a total of 954,517 bp) that were used, in combination with slot-blot
hybridisation and ﬂuorescent in situ hybridisation (FISH), to ana-
lyse the composition of the genome in terms of repeat types and
ll shoulders indicate speciﬁc A-T or G-C rich families of repeats. (b) Reassociation
te groups of sunﬂower sequences according to their redundancy.
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Table  1
Percentage distribution of different functional classes of repeats in the sunﬂower genome, based on data of the small insert Sanger-sequenced library [30] and mapping data
on  the Illumina plus 454 reads assemblies [40]. The observed differences are mainly related to the huge amount of sequence data published between 2010 and 2013: actually,
the  percentage of sequences classiﬁed as repeats by Natali et al. [40] is nearly two-fold that by Cavallini et al. [30].
Sequence type Percentage in the small insert library [31] Percentage in the Illumina plus 454 assemblies [39]
Class I (retrotransposons) LTR-Copia 3.54 19.22
LTR-Gypsy 15.57 49.22
LTR-unknown 0.37 9.90
Non-LTR 0.43 0.71
Other/unclassiﬁed – 0.48
Class II DNA transposons 0.73 2.56
Tandem repeats Ribosomal DNA 1.16 0.35
Other tandem repeats 0.37 0.60
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to estimate the occurrence of families (i.e., composed of at least two
sequences) within each repeat class or superfamily. The most repre-
sented family, belonging to the Gypsy LTR-RE superfamily, included
only 96 sequences, and only four Gypsy families were composed of
Table 2
Functional percentage distribution of the sequences in the SUNREP database, as
reported in Natali et al. [40].
Sequence type Number (%)
Class I (retrotransposons) Unclassiﬁed 192 (0.40)
LTR-Copia 8605 (17.96)
LTR-Gypsy 19,726 (41.16)
LTR-unknown 5636 (11.76)
Non-LTR 261 (0.54)
Pararetrovirus 11 (0.02)
Class II (DNA transposons) Unclassiﬁed 373 (0.78)
Tc1 Mariner 5 (0.01)
hAT 67 (0.14)
Mutator 101 (0.21)
PIF-Harbinger 18 (0.04)
CACTA 64 (0.13)
Helitron 324 (0.68)
MITE 382 (0.80)
Tandem repeats rDNA 84 (0.18)
Other tandem repeat 385 (0.80)
Putative genes 483 (1.01)
Unknown repeats Unclassiﬁed 4739 (9.89)Unknown repeats 25.58 
Total  (classiﬁed as repeats) 47.75 
bundance. About 62% of the sequences of the library belonged to
he repetitive fraction, while putative functional genes accounted
or 4%. The largest component was made of long terminal repeat
LTR) retrotransposons (REs), especially of the Gypsy superfam-
ly.
It appeared that no transposon family was  ampliﬁed to very
igh levels in the sunﬂower unlike in other species, in which spe-
iﬁc families can account for large fractions of the genome [31–34].
ll known types of repetitive elements were found in the library,
lthough some classes (i.e., Class II transposable elements) were
carcely represented. One repeat family of unknown nature (the
o-called Contig 61) was shown to be the most repeated in the
unﬂower genome [30].
Due to dramatic advancements of DNA sequencing technology
n the past decade that have made sequencing and assembling
 new genome more practical and much less expensive [35],
he sunﬂower genome is currently being sequenced, despite its
arge size [36]. Next-generation sequencing technologies were
sed to characterise the repetitive component of the sunﬂower
enome. Staton et al. [37] have analysed approximately 25% of
he genome using 454 random sequencing and showed that the
unﬂower genome is composed of more than 81% transposable
lements, 77% of which were LTR-REs. The LTR-REs were also
tudied in bacterial artiﬁcial chromosomes (BAC) clones, which
esulted disproportionately composed of Gypsy LTR-REs contain-
ng a chromodomain (“chromoviruses”) [38], with the majority of
he intact chromoviruses showing chromodomain tandem dupli-
ations [37].
In other experiments [39,40], Illumina and 454 sequencing tech-
ologies were used to produce a whole genome set of sequences of
unﬂower by different computational assembly approaches. Map-
ing a large sample of Illumina reads to this set of sequences
composed of 283,300 contigs) provided a picture of sunﬂower
enome composition [40]. Considering that Illumina reads are sam-
led without bias for particular sequence types, the percentage of
eads that matched to a repeat class should indicate the proportion
f that class in the genome. Mapping results, and, hence, sunﬂower
enome composition, are summarised in Table 1, in which a com-
arison to results previously obtained by Cavallini et al. [30] is also
eported. The different results obtained from analysing the small
nsert library are mainly related to the huge amount of sequence
ata published from 2010 to 2013; speciﬁcally, the percentage of
equences classiﬁed as repeats by Natali et al. [40] is nearly two-fold
hat by Cavallini et al. [30].
Mapping results conﬁrmed that LTR-REs were by far the most
bundant class of sequences in the sunﬂower genome, account-
ng for at least 79.53% of the reads matching the contigs. The ratio
etween Gypsy and Copia RE frequencies in the whole genome
mounted to 2.29. This ratio is generally species-speciﬁc. The
ypsy to Copia frequency ratio is even higher in papaya (5:1) [41],
orghum (4:1) [42], and rice (3:1) [43] compared to sunﬂower. In7.90
90.94
other cases, such as in maize [31] and olive [44], a similar abundance
of the two superfamilies was  observed. In grapevine, an opposite
trend was found, with Copia elements representing two-fold more
than Gypsy [45].
3. Repeat types in the Helianthus genome
3.1. The SUNREP database
A database of repetitive sequences of sunﬂower was obtained by
subdividing the previously described whole genome set of assem-
bled sequences [40] according to the average coverage of each
sequence. The database (SUNREP) is available at the Department
of Agriculture, Food, and Environment of Pisa University website
(http://www.agr.unipi.it/ricerca/plant-genetics-and-genomics-
lab/sequence-repository.html).
The distribution of different sequence types in SUNREP is
reported in Table 2. Around 11% of sequences did not ﬁnd any hits
in the public databases used for annotation. Among the annotated
sequence types, REs and especially LTR-REs were clearly the most
represented. Of these, elements belonging to the Gypsy superfamily
were 2.3-fold more represented than those belonging to the Copia
superfamily.
The assembled sequences forming SUNREP were also analysedContig 61-type 957 (2.00)
No  hits found 5511 (11.50)
Total 47,924
4 t Plant Biology 1 (2014) 45–54
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Fig. 2. Distributions of Copia, Gypsy and unknown full-length elements identiﬁed in
three sequenced BAC clones according to their estimated insertion ages (millions of8 T. Giordani et al. / Curren
ore than 50 sequences. Considering the 30 most numerous LTR-
Es families, the vast majority belonged to the Gypsy superfamily.
mong the 30 most numerous DNA transposons, the most common
amilies belonged to the helitron class, followed by putative minia-
ure inverted-repeat transposable elements (MITEs). Overall, the
umber of sequences comprising a family was generally low, con-
rming that there are not prominent repeat families in this species
30,37].
.2. LTR-retrotransposons
The ﬁrst RE sequence fragment of sunﬂower was isolated by PCR
sing the universal primers designed from the Copia retrotranscrip-
ase domain [46]. The RE component of the sunﬂower genome was
nalysed in detail using two sequences isolated from a genomic
NA library, pHaS13 and pHaS211: the former representing por-
ions of the integrase gene of a Gypsy retroelement and the latter
orresponding to an RNase-H gene of a Copia retroelement [47,48].
outhern blotting patterns obtained by hybridising the two probes
o restricted genomic DNA from different Helianthus species and
rom other Asteraceae species showed pHaS13 and pHaS211 were
arts of dispersed repeats at least 8 and 7 kb in length, respectively.
In situ hybridisation experiments showed that sequences of
oth Gypsy and Copia superfamilies were dispersed throughout
ll chromosomes in H. annuus [30,47]. However, Gypsy sequences
ere localised preferentially at the centromeric regions, whereas
opia sequences were less represented or absent around the
entromeres; only one Copia sequence was plentiful at the chro-
osome ends.
Although Gypsy and Copia LTR-REs are by far the major frac-
ion of sunﬂower repetitive DNA, large numbers of sequences were
dentiﬁed as LTR-REs, of which the superfamily could not be deter-
ined [40,49]. Such elements, called TRIMs or LARDs [50,51], are
on-autonomous, usually species-speciﬁc, and lack any distinctive
rotein-coding sequences.
The large number of observed REs indicates they have been
ctively replicating during the evolution of H. annuus.  The large
bundance of Gypsy elements compared to Copia can be explained
y three hypotheses, not mutually excluding: (i) Gypsy elements
ave been more active during sunﬂower evolution; (ii) they have
een active more recently, so that are more easily recognisable by
imilarity searches, having been subjected to fewer mutations; and
iii) they have been less prone to DNA removal.
To study RE dynamics in detail, it is necessary that full-length
lements are available. Full-length REs have a built-in molecular
lock useful for estimating their insertion times, based on sister-
TR divergence. In fact, when an RE inserts into the genome, its
TRs are usually 100% identical [52]. Mutations then occur within
he two LTRs, and as more time passes since the insertion, the larger
he genetic distance between LTRs. Hence, the RE insertion time can
e estimated using a nucleotide substitution rate suitable for such
lements that is assumed to be higher than that of gene regions
53–55].
Sunﬂower full-length LTR-REs were identiﬁed analysing large
equences belonging to BAC libraries [37,49,55]. In particular, Buti
t al. [49] performed a ﬁne annotation of three BAC clones, iden-
ifying 18 full-length LTR-REs. In some cases, REs formed nested
tructures, with one element inserted into another, similar to those
ommonly found in maize [53]. Analysis of the insertion time of full-
ength REs showed that they inserted relatively recently (during
he past 3 million years). Gypsy elements were generally younger
han Copia, though some Copia elements were relatively young, as
ell (Fig. 2) [49]. Staton et al. [37] conﬁrmed and extended these
ndings, showing that most intact LTR-REs likely have inserted
ince the origin of H. annuus,  providing further evidence that biasedyears, MYRS). Mean insertion age for each superfamily is reported in parentheses.
Redrawn from [49].
LTR-RE activity has played a major role in shaping the DNA land-
scape of the sunﬂower genome.
That retrotransposition in sunﬂower has been and is prob-
ably still occurring is also indicated by recent studies showing
that sunﬂower LTR-REs are transcriptionally active [30,56−58].
For example, RT-PCR data showed that both Copia and Gypsy REs
transcription occurred in all analysed sunﬂower organs (embryos,
leaves, roots, and ﬂowers). Transcription was apparently not
induced by environmental factors or culture conditions. Analyses
made on progenies of a selfed line showed one out of 64 individuals
exhibited the integration of a new element into the genome [57].
Similar results were obtained by Kawakami et al. [58]. In
their transcriptional assays, multiple lineages of Gypsy and Copia
elements were found to be active in natural populations of
H. annuus and H. petiolaris and in their natural interspeciﬁc
hybrids. In these species, transcriptional activity was not associ-
ated with copy number increases, suggesting the occurrence of
strong post-transcriptional mechanisms of repression that reduce
the mutagenic potentiality of RE transposition [59]. In fact, REs can
inactivate genes after inserting within or nearby gene sequences,
as observed in sunﬂower genes encoding a 2-methyl-6-phytyl-1,4-
benzoquinone methyltransferase [60] and a lipid transfer protein
[49].
It is known that LTR-REs are subjected to both ampliﬁcation
and removal [61–63]. The RE removal is driven in plants by DNA
rearrangements, illegitimate recombination, and unequal homol-
ogous recombination via a number of mechanisms, such as the
repair of double-strand breaks (non-homologous end-joining) and
slipstrand mispairing [33,56,64–67].
The occurrence of unequal homologous recombination typi-
cally produce the so-called solo-LTRs. Mapping Illumina reads to
a set of intact LTR-REs indicated the occurrence of numerous solo-
LTRs for many of the tested RE families (Fig. 3). Natali et al. [40]
suggested that massive ampliﬁcation of these elements in the sun-
ﬂower genome was partly counterbalanced by substantial DNA
loss, especially related to Gypsy elements. However, in other studies
on sunﬂower repeats, solo-LTRs have been found for Copia ele-
ments, as well [30,37].
3.3. The so-called “Contig 61”
Clustering analysis of sequences in the short insert library [30]
produced many contigs representing repetitive DNA sequences. Of
these, the longest contig (Contig 61) was identiﬁed as the most
repeated in the sunﬂower genome, with a redundancy of 27,000
copies per haploid genome, estimated by slot-blot and hybridisa-
tion.
T. Giordani et al. / Current Plant
Fig. 3. Distribution of sunﬂower LTR-retrotransposons according to the ratio
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ﬂetween redundancies (measured by average coverage) of LTRs and inter-LTR
egions (data include 9 retrotransposons analysed by Cavallini et al. [30] and 19
nalysed by Natali et al. [40]).
Many contigs sharing high sequence similarity to Contig 61 were
lso found in the SUNREP database. Mapping these contigs with a
arge set of Illumina reads established that this repeat accounts for
.81% of the genome [40].
Southern analysis conﬁrmed high redundancy of Contig 61
epeats, with heavy labelling and many bands. The use of
soschizomeres with different sensitivities to cytosine methyla-
ion in the target site showed that this repeated element is highly
ethylated [30].
When hybridising sequences belonging to Contig 61 to
etaphase chromosomes of H. annuus, scattered labelling through-
ut all chromosomes was observed, indicating wide dispersal of
NA sequences [30].
The occurrence and redundancy of sequences belonging to
ontig 61 were also studied in species belonging to the genus
elianthus, both annual and perennial, and to other Asteraceae by
lot-blot hybridisation [30]. In Helianthus,  the hybridisation sig-
als were as strong as those observed in sunﬂower; in perennial
pecies, they were stronger than in annuals. These results indicate
hat ampliﬁcation of this sequence should have occurred in the pro-
enitor of the Helianthus genus, and, after splitting between annuals
nd perennials, ampliﬁcation has occurred in the perennial ances-
or and/or loss of sequences has occurred in the annual ancestor.
egarding the other Asteraceae, some of the sequences belonging to
ontig 61 also showed strong hybridisation signals to Viguiera mul-
iﬂora genomic DNA. The genus Viguiera is considered the closest
elative to Helianthus.  Because Contig 61 is also apparently highly
epeated in Viguiera, it is presumable that the initial ampliﬁcation
f this repeat predates the origin of the genus Helianthus.
Sequence analysis of Contig 61 and of related sequences
btained after Illumina and 454 assemblies revealed no struc-
ural feature that could help in the classiﬁcation of this family of
equences, which, therefore, awaits further characterisation and
hose nature remains unknown..4. Tandem repeats
Only a few tandem repeats have been characterised in the sun-
ower genome. In fact, only a small number of contigs containing Biology 1 (2014) 45–54 49
tandem repeats were found in SUNREP. Mapping these contigs with
a large set of Illumina reads established that ribosomal DNA (rDNA)
and other tandem repeats account for only 0.35% and 0.60% of the
genome, respectively [40].
The rDNA was localised in chromosomes by in situ hybridisa-
tion [68]. Four chromosome pairs were labelled at the end of their
short arm. Of these, three pairs showed secondary constrictions
and strong hybridisation signals. Two other signals were puncti-
form at the end of the short arm of a chromosome pair where a
satellite was  never observed. These ﬁndings are in agreement with
those obtained by Schrader et al. [69] regarding the number of satel-
lite pairs and those that bear rDNA but contrast with their results
regarding the labelling intensity, since they observed four strong
and four weak signals.
Two  other tandem repeats, the sequences HAG004N15 and
HAG002P01, were isolated in the small insert library and char-
acterised. HAG004N15 was  1071 bp in length and was made up
of three tandemly arranged repeats having a length of 368 bp,
which falls into the typical range of satellite DNAs [70]. The
CAAAA or GAAAA motifs, previously associated with the ampliﬁ-
cation of repeated sequences [71,72], were found between repeats.
Southern hybridisation with HAG004N15 as a probe produced the
expected ladder pattern after digestion of genomic DNA with cyto-
sine methylation-sensitive enzymes, showing that this sequence is
highly methylated. Its copy number per haploid (1C) genome was
estimated to be 7800.
After in situ hybridisation of HAG004N15 repeats [68], all the
chromosomes were labelled at discrete regions (Fig. 4). Using
an image analyser, the labelling was precisely localised in the
metaphase chromosomes, despite their number (2n  = 34), small
size, and similar morphology (Fig. 4). The FISH signals were
observed at the ends of both chromosome arms in four pairs and at
the end of only one arm in eight other pairs. HAG004N15 repeats
were not found in the centromeric chromosomal regions, except for
one pair, where the hybridisation signals reached the centromere
in the short arm, which was entirely labelled. Signals were also
observed at the intercalary (mostly sub-telomeric) regions in all
the pairs, in both arms in eight pairs, and in only one arm in the
other nine pairs.
The chromosomal localisation of rDNA and HAG004N15 repeats
formed a pattern that allowed all of the complement pairs to be
distinguished from each other [68]. This hybridisation pattern was
the same in different sunﬂower genotypes.
The redundancy of HAG004N15 and the chromosomal local-
isation of HAG004N15 and of rDNA were also studied in annual
and perennial species of Helianthus and in other Asteraceae [73].
HAG004N15 sequences, which did not show ampliﬁcation in other
Asteraceae except Viguiera multiﬂora,  were redundant in all the
Helianthus species tested, but their frequency was  signiﬁcantly
higher in perennials compared to annuals. These sequences were
located at the ends and intercalary regions of all chromosome pairs
of annual species. A similar pattern was  found in the perennials, but
a metacentric pair in their complement was not labelled. Ribosomal
genes were carried on two  chromosome pairs in perennials and on
three pairs in annuals, except for H. annuus, where rDNA loci were
on four pairs. These ﬁndings support the hypothesis that the sep-
aration between annual and perennial Helianthus species occurred
through interspeciﬁc hybridisation involving at least one different
parent [74]. However, genomic in situ hybridisation in H. annuus
(using DNA from the perennial H. giganteus as blocking DNA) failed
to reveal different genomic assets in annual and perennial species.
The other tandem repeat isolated in the small insert library
[30], HAG002P01, was  estimated to be present in 2600 copies per
haploid genome. Using this sequence as a probe, FISH revealed
an interspersed distribution with possible enhanced hybridisa-
tion at the centromeric regions of many chromosomes, indicating
50 T. Giordani et al. / Current Plant Biology 1 (2014) 45–54
Fig. 4. (a–c) Metaphase plate of H. annuus line HA89 after DAPI staining (a) and hybridisation with HAG004N15 repeats (b; ﬂuorescein) or pTa71 ribosomal probe (c; Cy3).
Numerals indicate members of each chromosome pair. Bar = 10 m (from Ceccarelli et al. [68], Characterisation of the chromosome complement of Helianthus annuus by
in  situ hybridisation of a tandem repeated DNA sequence. Genome, 50: 429–434, ©Canadian Science Publishing or its licensors); (d) Idiogram of the haploid chromosome
complement showing the distribution of HAG004N15-related tandem repeats (yellow) and of ribosomal cistrons (red). The chromosomes are subdivided into two groups,
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.5. Other repeat types
The non-LTR-REs were poorly represented in the repetitive frac-
ion of the sunﬂower genome, as frequently observed in other
lants. Putative DNA transposons accounted for a number of
equences. However, a fraction of such sequences were classiﬁed
s DNA transposons only by virtue of a sequence similarity to the
hort domain of the transposase gene. Among DNA transposons, a
revalence of MITEs [75] and helitrons [5] was observed [40].
Interestingly, according to BLAST analysis, many repetitive
equences of the SUNREP database showed similarity to puta-
ive protein-coding genes (Table 2) [40]. The most redundant
ene family encodes the NBS-LRR class of proteins, receptors
hat recognise highly variable pathogen effectors [76]. Another
edundant gene family encode DNAJ proteins, which function in
ssociation with Hsp70 molecular chaperones to facilitate proteinroup according to the total length, according to Raicu et al. [88] classiﬁcation. (For
 web  version of this article.)
folding and play an active role in regulating normal cellular
events like protein degradation, morphogenesis, and cell cycle
progression [77]. The third redundant gene family is very heteroge-
neous, encoding proteins with unspeciﬁed protein-kinase domains
that are involved in the transduction of signals to binding fac-
tors, centromeres, and other effectors. In addition to non-speciﬁc
kinases, serine/threonine/tyrosine kinases also were found among
redundant gene families. Finally, another redundant gene family
encoding F-box motif-containing proteins was identiﬁed by the
presence of protein interaction domains that bind ubiquitination
targets [78].
The occurrence of putative genes among repetitive DNA
sequences of the SUNREP database deserves additional comments.
In some cases, such sequences showed similarity to gene families
already known to be repeated in plant genomes, such as NBS-LRR
genes [76]. In other cases, it is likely that gene portions encod-
ing functional domains, and not complete, full-length genes, are
apparently redundant. For example, F-box proteins include a large
variety of types that share a short motif [78]. It also could be that for
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dispersion, and dynamism of these elements make them excel-
lent tools to explore genetic variability even within species [83].
The methods generally rely on PCR ampliﬁcation between a con-
served RE feature, most often the LTR, and another abundant,T. Giordani et al. / Curren
ther assembled contigs, a gene (or a gene fragment) lies close to
 repeated sequence, and the redundancy of that contig is related
o the repeated sequence and not to the gene sequence. It should
e noted that SUNREP is composed of a relatively high number of
utative helitrons (Table 2) known to include exon fragments in
heir sequences [5], which might be partially responsible for the
elatively high frequency of gene fragments in the database.
. Retrotransposons in the evolution of the Helianthus
enus
Southern blotting patterns obtained by hybridising the ﬁrst
solated Gypsy and Copia RE fragments (pHaS13 and pHAS211,
espectively) [47] to restricted genomic DNA from different
elianthus species and from other Asteraceae showed that these
lements were conserved in all Helianthus species studied and, to
 lesser extent, in Tithonia rotundifolia, a species belonging to a
enus strictly close to Helianthus [47,48]. Comparable hybridisation
atterns were obtained in all Helianthus species using the Gypsy
HaS13 as a probe. Conversely, the patterns obtained by hybri-
ising the Copia pHAS211 clearly differentiated annual species
rom perennials [47], attesting a different ampliﬁcation history of
he two superfamilies of LTR-REs in the evolution of the genus
elianthus [30].
As observed in H. annuus, FISH analysis of Gypsy and Copia
equences conﬁrmed scattered labelling throughout all metaphase
hromosomes also in different species of Helianthus [48]. However,
referential localisation of Gypsy sequences at centromeric chro-
osome regions was observed in all of the species. Conversely,
opia sequences showed preferential localisation at the chromo-
ome ends only in H. annuus.
The evolution of the repetitive component in the Helianthus
enus and in other Asteraceae was studied by comparative analysis
f the hybridisation of genomic DNAs isolated from these species
o the sunﬂower small insert library (Fig. 5), which revealed some
imilarity only between Helianthus species and Viguiera multiﬂora.
egarding REs, comparable hybridisation patterns were observed
mong Helianthus species, while no hybridisation occurred using
ther Asteraceae. Such results indicate the speciﬁcity of RE families
o the Helianthus genus.
An interesting example of how REs have accompanied the evo-
ution of species within the genus Helianthus concerns the massive
mpliﬁcation of transposable elements after interspeciﬁc hybrid-
sation occurred in three species of sunﬂowers, H. anomalus,  H.
eserticola, and H. paradoxus [10]. All of them originated by hybrid-
sation between two ancestral species, H. annuus and H. petiolaris
ig. 5. Examples of hybridisation patterns of labelled genomic DNA from different
pecies to 36 clones of the sunﬂower small-insert library, spotted in a non-regular
uplicate arrangement. For four clones, the putative annotation is reported: for three
f  these, hybridisation is observed in the DNA of the two Helianthus species and in
iguiera multiﬂora;  rDNA containing clone is labelled also in Xanthium strumarium
NA. For the technical procedure see [30]. Biology 1 (2014) 45–54 51
[25] and have the same chromosome number (n = 17) and genome
sizes at least 50% larger than their parental species. Such genome
size increase is partially explained by proliferation of Gypsy and, to
a lesser extent, of Copia LTR-REs in hybrids [10,11].
In particular, Gypsy sequences were ﬁrst shown to be much
more redundant in the three hybrids [10]. Ungerer et al. [79] later
demonstrated that Gypsy REs exist as multiple, well-supported sub-
lineages in both the parental and hybrid derivative species and that
these sequences underwent proliferation in each hybrid species’
genome, occurring approximately 0.5–1 million years ago.
In contrast to Gypsy,  the burst of transposition of Copia REs
varied among hybrid species and was most pronounced in H. para-
doxus, a species adapted to saline environments (H. anomalus and
H. deserticola are found in desert-like habitats). Although external
stress factors may  contribute to de-repression of transposable ele-
ments [80], the association between habitat and RE frequency may
be purely coincidental. Copia RE lineages underlying the burst are
ancient and predate the origin of the sunﬂower group. However,
the majority (70%) of sequences were derived from a single lineage
of elements, which implicates a recent proliferation event [79].
5. Retrotransposons as molecular markers in sunﬂower
The LTR-REs in plant genomes have been employed to gener-
ate molecular markers [81,82]. In fact, the ubiquity, abundance,Fig. 6. IRAP ﬁngerprints obtained with LTR-Copia speciﬁc primers [86] in eight
individuals (A–H) belonging to a wild accession (USDA-PI 597907) of H. annuus.
Molecular weight marker (M,  Gene Ruler DNA Ladder Mix, Fermentas) was also
loaded.
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ispersed, conserved feature in the genome. This second site may  be
 restriction site adapter in sequence-speciﬁc ampliﬁed polymor-
hism (SSAP) [84], a microsatellite in RE-microsatellite ampliﬁed
olymorphism (REMAP) [85], or another RE in inter-RE ampliﬁed
olymorphism (IRAP) [85]. These methods identify genetic variants
elated to the insertion/loss of a retroelement or to DNA sequence
ariations (nucleotide substitutions or indels), which are common
ithin REs because of the error-prone mode of retrotranscription
sed by these elements and extensive DNA methylation within
E-rich genome regions.
The IRAP protocol was applied within the genus Helianthus to
ssess intraspeciﬁc variability based on RE sequences among 36
ild accessions and 26 cultivars of H. annuus and interspeciﬁc
ariability among 39 species of Helianthus [86]. Two  groups of
TRs, one belonging to a Copia retroelement and the other to an
E of unknown nature, were isolated and sequenced, and primers
ere designed to obtain IRAP ﬁngerprints. An example of IRAP ﬁn-
erprints in plants of a wild accession of H. annuus is reported
n Fig. 6. The number of polymorphic bands and RE variability
mong H. annuus wild accessions are as high as among different
elianthus species. Conversely, RE-related variability was  reduced
mong domesticated H. annuus.
Large RE-related variability was also found among sunﬂower
nbred lines [87]. It was observed that between-line genetic dis-
ance correlated to heterosis in hybrids between those lines,
uggesting that variations in the repetitive component of the
enome, especially LTR-REs, affect the display of heterosis.
. Conclusions and perspectives
Repetitive DNA and especially transposons apparently have
 central role in the biology and evolution of plants. These
equences can also be employed to generate molecular markers
hat have proved efﬁcient in distinguishing even similar geno-
ypes.
The repetitive component of the H. annuus genome has been
tudied at the biochemical, cytological, molecular, and genomic
evels. Data are now available that indicate a genome made of
 large number of LTR-REs, especially of the Gypsy superfamily.
he LTR-REs are apparently expressed, and the RE burst seems
o be unexhausted as shown by the relatively recent insertion
imes of many REs. It is also worth noting the large number of
TR-REs of unknown nature, which have been (and presumably
re) active because of enzymes produced by intact retroele-
ents.
The consequences of such RE mobilisation are evident when
bserving the evolution of Helianthus interspeciﬁc hybrids that
robably have completed their speciation because of chromosomal
ifferentiation from parental species due to insertions of transpos-
ble elements.
Many data are also available on other repeated sequences, such
s helitrons, whose redundancy is relatively high compared to that
ound in other species. All these data can be combined to produce
 collection of sequences that will be useful in the annotation of
he sunﬂower genome sequence when it is complete. Until then,
he enormous mass of available data will be useful for comparative
tudies on genome evolution in a genus (Helianthus) that has been
tudied at the evolutionary and ecological levels and especially for
ts protein-coding components. The completion of the H. annuus
hole genome sequence in conjunction with the availability of new
equencing techniques allowing the production of very large DNA
equences (i.e., Pac-Bio technology) will be useful for comparative
tudies among Helianthus species and accessions and for clarifying
any aspects of genome evolution in this genus.
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